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Chemotherapy has been the mainstay of therapy for acute myeloid leukaemia (AML) for over five decades. Despite doses of cytarabine and anthracyclines approaching the limits of haematopoietic tolerance, half of all patients eventually relapse [1] . The situation is far worse for elderly patients, who are largely palliated because of the unfavourable risk-benefit ratio associated with intensive chemotherapy in older populations. Therapies tailored to specific sub-groups of AML have been remarkably effective, such as all-trans retinoic acid and arsenic for acute promyelocytic leukaemia, which have emerged as frontline therapies for this disease [2] . Other attempts to "target" AML, such as with FLT3 inhibitors have been less successful, especially in the setting of chemotherapy failure [3] . Gaining insights into the molecular basis of treatment failure will be a key objective for improving therapeutic outcomes of this aggressive blood cancer. For certain targeted therapies, such as FLT3 inhibitors, clinical resistance has been linked to emergence of "on-target" drug resistant mutations, which may be an important hurdle to the successful development of this drug class [4, 5] . The biological basis for treatment failure with nontargeted therapies, such as chemotherapy, has been far more complex to decipher.
The increasing queue of cytotoxic drugs failing to improve clinical outcomes in patients with relapsed and refractory AML indicates the existence of a fundamental mechanism conferring tolerance to genotoxic drugs within leukaemic cells. An attractive hypothesis was that multidrug resistance could be explained by the identification of drug efflux pumps on AML cells. This led to a generation of largely unsuccessful randomised clinical studies combining cytotoxic regimens to inhibitors of multidrug transporters, such as P-glycoprotein [6, 7] . The capacity for cytotoxic drugs to trigger apoptosis, or programmed cell death, has been extensively examined in model systems. Genotoxic drugs function in part by activating p53, and defects affecting the p53 pathway have an established role in counteracting the actions of DNA damaging agents [8] . In AML, p53 mutations only occur in a minority of cases, in particular, patients with complex cytogenetic karyotype [9] [10] [11] . Thus, defective p53 may not broadly explain the molecular basis for chemotherapy failure in AML. Mitochondrial mediated apoptosis leading to the activation of effector caspases is controlled by the Bcl-2 family of proteins [12] . Pro-apoptotic Bax and Bak are essential for inducing mitochondrial apoptosis. Cells lacking both Bax and Bak are resistant to chemotherapy mediated death [13] . Bax and Bak are kept inactive by a group of pro-survival Bcl-2 family members, including Bcl-2, Bcl-x, Bcl-w, Mcl-1 and A1. Cell stress signals, including chemotherapy, activate Bcl-2 homology-3 domain, termed "BH3-only" proteins [14] . BH3-only proteins bind and neutralise the effect of pro-survival Bcl-2 members, leading to downstream activation of pro-apoptotic Bax and Bak. Overexpression of pro-survival Bcl-2 and related proteins may cause resistance of multiple cytotoxic drugs to apoptosis [15] . Simple quantification of Bcl-2 expression may not accurately predict chemoresistance, as this fails Occupying Bcl-2 in AML to take into account whether prevailing Bcl-2 molecules are actually free to sequester BH3-only proteins or are already "occupied" and therefore rendered inert by prebound BH3-only protein. Another important nuance is that BH3-only proteins vary in their capacity to bind Bcl-2 targets. Bim, for instance, neutralises all anti-apoptotic Bcl-2 proteins potently, whereas Bad binding is limited to Bcl-2, Bcl-x and Bcl-w and Noxa can only bind Mcl-1 and A1 [16] . Thus, predicting the responsiveness of chemotherapy to mitochondrial apoptosis in cancerous and normal cells requires a readout that accounts for these multiple factors.
Thanh-Trang Vo and colleagues from Anthony Letai's laboratory at Harvard have recently proposed that clinical responses to chemotherapy as well as long-term clinical outcomes may be determined functionally by assessing the capacity of BH3 peptides to induce mitochondrial depolarisation, a method they termed "BH3 profiling" [17] . An excess of BH3-only protein activity may lead to direct activation of Bax and Bak and ultimately, apoptosis [18] . The method assumes that the sensitivity of permeabilised cells to a quantum of exogenous BH3 peptide administered in vitro, is a direct reflection of the basal level of BH3 "priming" prevalent within the cell. Cells with greater levels of BH3-occupied Bcl-2 are therefore considered "highly primed" for death as measured by greater sensitivity to BH3 peptide. In contrast, an excess of BH3-unoccupied Bcl-2 proteins reflects a state of "low BH3 priming," rendering the cell more resistant to mitochondrial depolarisation by BH3 peptide and consequently, the effects of some cytotoxic therapies ( Figure 1 ). Compared to other attempts to gauge pro-survival activity in AML through expression analyses, BH3 profiling required no prior knowledge of the prevailing levels of pro-apoptotic or anti-apoptotic Bcl-2 family members. This may be especially useful in cases where Bcl-2 overexpression may lead to stabilisation and intracellular accumulation of Bim, resulting in relatively less unoccupied Bcl-2 than would be predicted by assessing Bcl-2 levels alone [19] .
The Harvard team applied BH3 profiling to a large cohort of clinically annotated AML samples from the Dana-Farber and Memorial Sloan Kettering. From this work, they concluded that BH3 profiling was a determinant of initial response to induction chemotherapy, relapse after remission, and requirement for allogeneic bone marrow transplantation and that this information could be exploited for the personalization of therapy for AML. From a clinical perspective, how would this information be used? At presentation, most patients fit enough to receive chemotherapy will do so, because of the rapidly progressive nature of the disease. A large proportion of patients with low primed AML still achieve complete remission (CR), so that treatment would unlikely be deterred by this fact. Physicians must be as confident as possible that patients intended for stem cell transplantation are at high risk for relapse and that patients already in a cured state are not unintentionally transplanted. For patients achieving complete remission, BH3 profiling was able to distinguish a sub-group of approximately 20% of patients that were "cured" at that point and did not clinically relapse. All patients in this "cured" group had highly primed AML samples with a >60% response to 0.1μM BimBH3 peptide [17] . All patients with less responsive, or "low" primed AML were destined to relapse at some point. Thus, as a postremission prognostic tool, the presence of highly BH3-primed AML may help to select a sub-group of patients that should not be recommended for allogeneic stem cell transplantation. To be broadly used however, a predictive test must be accurately validated and standardised in other laboratories. This remains a technically daunting task for the BH3 profiling assay, which requires the sample to be ficolled, permeabilised by digitonin, incubated with BH3 peptide and then stained with antibodies and mitochondrial dye to enable mitochondrial depolarization of blasts to be enumerated. Stable and reproducible controls for such a test would be a challenge to develop.
A more intriguing finding in the paper by Vo et al was the suggestion that the dominant pro-survival factor in human AML was Bcl-2, compared to Mcl-1 in normal hematopoietic stem cells (HSCs) [17] . Targeting Bcl-2 may therefore permit the selective destruction of AML cells, whilst sparing toxicity to normal HSCs, which would be protected by Mcl-1. Development of the BH3 small molecule mimetic ABT-737, which targets Bcl-2, Bcl-x and Bcl-w [20] , and the clinical lead equivalent drug ABT-263 has been considered an unattractive prospect in AML, however, because of the critical role played by Bcl-x in platelet survival and the risk of exacerbating thrombocytopenia in a disease where bleeding is already a major cause of morbidity [21] . If the major prosurvival target in AML turns out to be Bcl-2, rather than Bcl-x, as suggested by Vo et al, this would allow small molecule BH3-only mimetics with selectivity against Bcl-2 (eg ABT-199), to target AML with a greater index of therapeutic safety than most cytotoxic drugs ( Figure  1 ). One caveat is that Mcl-1 may be increased at the time of AML relapse, which may render AML resistant to Bcl-2 specific antagonists [22] . Emergence of Bcl-x overexpression may present another mechanism whereby resistant cancers may thwart the sustained success of Bcl-2 antagonists in the clinic [19] .
Previously, work by Glaser et al from the Walter and Eliza Hall Institute identified Mcl-1 as a critical survival factor in AML [23] . This group used inducible lentiviral vectors expressing BimBH3 variants to target survival in human AML cell lines and primary AML. In Occupying Bcl-2 in AML common with the Harvard group, a number of AML cell lines including MV4;11, HL-60, THP-1 and OCI-AML3 were examined, but with highly contradictory results. BH3 profiling revealed that these cell lines were more sensitive to Bad peptide (targets Bcl-2, Bcl-x and Bcl-w), compared to Noxa peptide (targets Mcl-1 and A1), which had little effect [17] . In contrast, Glaser et al found that all 4 cell lines were sensitive to expression of Bim s 2A (targets Mcl-1 only) and that MV4;11 and HL-60 cells were additionally sensitive to Bim s BadBH3 (targets Bcl-2, Bcl-x and Bcl-w) [23, 24] . Experiments carried out by Glaser and colleagues using ABT-737 (a BadBH3 mimetic), were consistent with these findings [23] . This suggests that there may be important differences in the methodologies employed by these groups. BH3 profiling requires outer membrane permeabilisation, which may dilute the concentration of cytoplasmic proteins. Although Bcl-2 is membrane-localised, Bcl-x has both a cytosolic and membrane distribution [25, 26] . Whether the entire Bcl-x contribution to cell survival is adequately accounted for by the BH3-profiling technique is unclear. A panel of cell permeable small molecules selectively targeting each of Bcl-2, Bcl-x or Mcl-1 alone, would represent a perfect "toolkit" for probing cell survival dependence in primary human AML cells. To this end, a potent Bcl-2 selective inhibitor has already been developed (ABT 199) and prototype Mcl-1 selective inhibitors are emerging [27] .
Next generation sequencing has shown that hundreds of coding mutations potentially exist within each AML genome [28] . A reductionist approach targeting the collective impact of these altered genomes on the core survival apparatus in AML, therefore, has great therapeutic appeal. The work by Vo et al suggests that targeting Bcl-2 may lie at the heart of this strategy. Fortunately, a lead clinical compound called ABT-199 (Genentech) has already been developed to lead this charge. The activity of BH3-mimetics in AML, such as ABT-737, may be enhanced through combination with FLT3, MEK or MDM2 inhibitors, cytotoxic drugs or demethylating agents [29] [30] [31] [32] . Several of these drugs may augment levels of Bim protein, thereby assisting ABT-737 to overwhelm Bcl-2 and initiate apoptosis. Unlike ABT-737, which targets Bcl-x and causes thrombocytopenia, the action of ABT-199 is limited to Bcl-2, thus avoiding this unwanted risk. Pre-clinical studies to verify the activity of ABT-199 in AML and to examine patterns of potential resistance are urgently awaited. For the large community of AML sufferers in desperate need of more effective therapies, however, the activation of clinical trials to tackle Bcl-2 in AML cannot come quickly enough.
